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Impaortant Steps in Implementing
Systems Analysis Tools

B

Understand what ques‘flags should be asked
Answer the questions ™

Showitechnical trade-offs throu@h
partnerships s

Use industry tools and co-simulation ”‘?
possible

No one system tool gives all the answers —
use a suite of tools

If analysis doesn't show unique insight, then it
doesn’'t earn value
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2=~ Integrated Battery Modeling and Testing
J.~. Activities with others organizations
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Integrated Battery Modeling and
Testing Activities at NREL

Vehicle
Systems Modeling

ynenmal
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Collaborating with Industry

BATTERIES

i3 TEXAS INSTRUMENTS

University of
Toledo
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:.:'r* Cell core Tmax = 53°C

Thermal analysis could improve

module thermal performance
No Holes

Sl Delta Tcore = 13°C

case

With Holes

Tmax = 44°C
Delta Tcore = 9°C




» Evaluating High Frequency AC Heating of
Batteries at very Cold Temperatures

»

7
F—3

o

oo e 12w e P s i s = Analysis has shown that core
D heating batteries is the most
efficient and effective method.

=== External heating using electric heaters
=== Internal heating using electric heaters | | |
-15 | === Internal Airflow Heating 100% Efficiency |- - - -1 - - - L __g* 1 __

=== Internal Airflow Heating 20% Efficiency ! ! ! ! !

| | | | [
20— - [ N N

N = Core heating can be achieved by
P e S A M applying high frequency AC
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I N S R N N B ] power through battery terminals
- T N U S ] = Because of high battery
_ resistance at low temperature
R battery heat up
1 1.2 1.4 1.6 1.113nmen;gy(Whr)2.2 2.4 2.6 2.8 3 XLy >> L1
Uniform Input Heat over 2 minutes (Whr) " S ﬁ
«  We are working with University of S S AL e T4
Toledo to evaluate various AC heating I ~ 1 S L arger |
teChniqueS priver Q2 ?AC + o g 7I><_IDC System
N & op,
* Initial results show that a non-operation Y52 = vos2 TITT
lead acid battery at -40°C can be warm |
up quickly to deliver satisfactory power Ts - Battery temperature R R

IAc = RMS wvalue of 20 kHz current.
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Introduction to ADVISOR

= ADVISOR = ADvanced Vehlcle SimulatOR

— simulates conventional, electric, and hybrid
vehicles (series, parallel, or fuel cell)

= Distributed freely to public on NREL’s web site

Try ADWVISDHLica Today!

11




Expectations (over 6,000 people)
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. 2/3 of Users are from Industry, =
~— Major Auto OEMSs, and Suppliers
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O Ford Motor Company
41110 | Visteon

O DaimlerChrysler Corporation
O General Motors

W Delphi

@ Volvo

B Siemens Automotive Systems
O Ricardo, Inc.

B Hyundai Motor Company

B Honda

O Hitachi Ltd.

O Fiat

W Eaton Corporation

B Nissan Motor Company

B Mathworks

B FEV Engine Technology

@ Renault

O Mitsubishi Motors Corporation
O Flowmaster

0O AVL

O Denso Corporation

O Allison Transmission

- Legend includes organizations with 8
or more users since v2.0 As of 9/20/02 13



ADVISOR'’s Basic Structure (models)
in Matlab/Simulink Environment

Block
Diagram

Battery

Libraries




=~ ADVISOR's Basic Structure (database):
; ) How Data/Models are Pulled into the GUI

Block
Diagram
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Three Main ADVISOR GUI Screens
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ADVISOR 2002
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Units:
® Metric
o uUs

Exit

Load Results
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What Does Industry Have to Say About NREL's
Systems Analysis Team and ADVISOR?

DAIMLERCHRYSLER
“These are very powerful tools and essential in the
development of our hybrid vehicles at DaimlerChrysler.”

Min Sway-Tin, Supervisor HEV Electrical Engineering
HEV Platform Engineering
DaimlerChrysler Corp.

“ADVISOR has been invaluable in Delphi's

development of codes to predict the
NOVASYSTEMS performance of stop/start and integrated
Starter generator vehicles.”

John MacBain
Staff Research Engineer

‘W@W Delphi Automotive Systems

“... We have found this collaboration to be very
helpful since the NREL team brings new,
fresh, out-of-the-box ideas and high level
technical expertise.” .‘:';-"_f-:_ Visteon
Tsung-Yu Pan, Ph.D.
Senior Technical Specialist, Manufacturing Systems 1

T

Ford Research Laboratory




Simulation Controls Simulation Outputs
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Technical Targets Tool Motivation:

“Produce National Impacts Due to Potential Changes in Technical Targets

Alternative fuels -10% of

total vehicle population
P

Domestic Oil Production
42 mpg combined cars

+ . & trucks

™

Fuel cell vehicles - 10%
of new sales by 2020
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Supports the “Bi¢ Piciure”
Which technologies will have
the greatest impact on
reduction/displacement of
petroleum consumption?

Source: Tom Gross presentation at Clean Cities Day 3/12/02 20




= ; Provide a tool to
T R F—— - = assess/compare impact of

: various tech team targets
Allow changes tech team
target values, and have
ADVISOR define vehicles
and estimate fuel
efficiency

Consider the ability of the

new technology vehicleto &
| penetrate a multi-platform |
Tachnical e s market :

Targets
Tool Figure of Merit: national
oil savings =

21



Technlcal Targets Tool Approach

User

i

Technology Assessment

Market Characterization Goal: Meet tech targets and
/ market requirements for each
e Segment market into vehicle platform
platforms
Result: Segment Y/N, mpg
- | « Define segment/vehicle
~ | requirements, mpg

National Oil Use
Project market penetration
and resultant oil use

22



} Tiich Tagginta Tival 1.0

Technical
_ Targuta
Tl:ltll

.

ey

|l limwiimi | Hawe S powiom

o
odade

‘ Parameters

I
'i

==y

e e B2 —

F e s e B Ll ] —

S e cmme e

}' S T - i
e C—

A

2 1|| . I i I'-_II :
it
wlbsfallslal

R




- Reference Vehicle Attributes

EFFECT @F AR DRAG
O POWER REGUIREMENT

i 0

noab LAl skl
SR OLUTPUT -

WP R

Frant View of Vehicle

Physical

— Curb mass, glider mass,
Cp, Aq, wheelbase, tires

— Available space for new
powertrain

Fuel Converter -
Transmission

— Max power and torque,
transmission type

Performance

— Acceleration
— Gradeability
— Fuel economy
— Range

24



AL

Venhicle Classified Pass & Cargo Volume Index
Change out of Index Range is Change in Class

Finite Propulsion Space Available within Vehicle
New Technology must Package

25



T3 Demonstration

<3 Tech Targets Tool ¥1.0

Tachnical Fowertrain Configuration
Targets
q Tool
‘ Targets
-- ‘ Assumptions

inside
‘ Analyze
Lnad Session | Save Seszion i | Help
Fuel Cell defaultz.mat | Load Results




! Tech Targets Results
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Predicting National Fuel Used for A/C




Predicting National Fuel Used for AC

Use Multiple Models/Inputs/Data Sets

— Environmental Conditions (Temp, RH, W/m?)

— Thermal Comfort Models

— Vehicle Simulations (Fuel Economy Reduction with AC)
cya  State A

Gal for
Month = AC/

veh

= RN YA
\ L\ "-5
R

e
2

Iy
i

Thermal
Comfort
Model

3

ADWVISOR 2002

BAatvancad VYehlcls Simulaio




Environmental Conditions:
Denver, CO, Mean Radiant Temperature

S State A

Pop
Total
Month L]
s [= v Gal/State

Mean Radiant Temperature (C) in Denver, CO

Source: Typical Meteorological
Year, National Solar Radiation

Data Base
\

-
"* 1_\--‘

S ciya .
/ kWh/m?to a given

' time, saturate at 3pm \

&
=

)

Radiation (Wh/m?)

23 &

15
Hour (local time)

1

|
1 2 | 6-9am  9am-1lpm 1-4pm 4-Tpm 7-10pm 10pm-12am
Hour (local time) Time of Day




Thermal Comfort Model:

Percent of People Using AC

S State A

MPG
w/AC
e Total
& e Gall/State
MPG wio
AC

Month IT

City X

f Thermal Comfort Model, PPD from PMV \
PMV Thermal Sensation 100

+1  Slightly Warm .
0 Neutral ::
-1 ... Slightly Cool

: A ] - X (‘) . ; .
.. . ._ 3 Co|d . . .. Thermal Sensation Vote
[J [J

* Source: International Standards Organization (ISO) 7730 “Moderate thermal
environments—Determination of the PMV and PPD indices and specification
of the conditions for thermal comfort” 31
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Percentage of Travel Occurring during that Time
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~-\ehicle Usage with Time of Day,

City A

Month IT

State A

Pop

[«

MPG
w/AC

Total
Gal/State

[cEIR{.T4
AC/veh

MPG w/o
AC

=  Source: 1995 National Personal Transportation Survey
70% Daily Travel

12-6am  6-9%am Yam-lpm l-4pm 4-7pm  7-10pm 10pm-12am

Hour of the Day

o
1

Percentage of Travel Occurring in that Month
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W
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~
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w
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S
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T

Summer
Months: May -
September

\Vilelglig

L L L L L L
2 4 6 8 10 12
Month of the Year




Percent of Time AC is On

iy State A

e Total

Month [® N Gal/State

MRT
Ambient Soak

PPD
Percent of
Time AC is On

0

9

17
26
35
44
52
61
70

| —

33




SCO03 Fuel Economy (mpgge)

= Source: Wards 2001 Automotive Yearbook

Simulations

State A

City A

Month IT

City X

R Total
[= S Gal/State

= ADVISOR Simulations for fuel economies [[RE—_——

100 —— 1X Vehicle -
—— 3X Hybrid
90 Fuel Cell Hybrid [
80 N —— Prius (Jpn)
\ — Insight
70 ] ® Prius (US) Test -
\ & Insight Test
60 L\ <
° I 8
50 —
|
40 —_— i‘
30 \A.
20

10

(s T
0 0

Auxiliary Load (W)

1000 1500 2000 2500 3000 3500 'OO

Belvn el Wishitle: Samulabog

FC: 52%
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Vehicle Registrations

State A

Pop

[«

= Source: Wards 2001 Automotive Yearbook

=
o

Total

Gal/State

Car & Truck
Registrations
(in millions)

0.4
3.4
6.3
9.2
12.2
15.1
18.1
21.0
23.9

35



National Fuel Used for AC

Gy State A

P
25 Gal for Total

Month IT
[ AClveh Gal/State

= 7.1 billion gallons used for air conditioning annually

i . 2.6

4.7 9.2

Fuel Used for AC,
in Billions of
Gallons

Millions of
Gallons Used
for AC per Year

0

113
227
340
454
567
680
794
907

Fuel Used for AC,







Example of Applying Optimization
Techniques Fuel Cell Hybrid SUV

Objective: Maximize fuel economy of Fuel Cell Hybrid SUV

Optimizing coupled problem of sizing and control strategy leads to improved
solution

Multiple local optimums in HEV design space {lﬂ‘
) i

Traditional: /ocal. Non-traditional: global



Using ADVISOR in an Optimization Loop

as both the Function Call and Constraint Evaluation

i
CUIE
ot

i
i
5

~5-10 drive cycle iterations

for SOC balancing
@ptimization ADVISOR
fejo)ls

Typical optimization loops
this 100-2000 times  Acceleration
» Gradeability
« SOC balanced
* Must follow cycle 39




2= Concept of “ADVISOR Inside” Used

- With Technical Targets Analysis Tool

/ADVISOR Called Externally
| by Technical Targets Tool

Techical |
ilargets ool inside

40



Complex Design Space of HEVs

Fuel Economy vs. 2 energy management parameters

* Note:This only represents small portion (~1/25th) of 2 dimensions of an 8 dimensional space
» We are actually now doing parametric sweeps of these optimization problems (~3000 calls/per point)

41



Characteristics of Components for

Optimized Vehicles

=
E 180.0 | High power
= Necessary for _ .
oy e Increasing A BEUSO06 Vehlc?le
o aggressiveness | @ Comp. Vehicle
m .
c 1400 ONEDC Vehlcle
L 01015 Vehicle
= 120.0 |
<
. 2100.0 |
| 8
i Larger Battery
% 80.0 Helps Efficiency
= O For Lower Power
- = 60.0 - Cycles
— E
- = 400 -
e | 59
—— ()
= % 20.0 [
o
OO O 1 T J

Fuel Cell Power Motor Power Battery Power

Battery Capacity Battery Energy

Component Characteristics



. Optimization of Fuel Cell VVehicle Design

—..._Provides Insight into System Trade-offs

Emjinn il Hyheala g Modsieg of 4
Fusi Gal Hyten) Exciic S ULy Veficl

'-‘Ird!iru'rrb\—lﬂ'hi:

— Coarse parametric sizing study
e R indicated optimal fuel cell to system
power ratio of 0.25-0.3 for fuel
economy
i e = Determined that derivative-free
. TR R optimization algorithms necessary
= N for complex design space of HEVs
== Ehe =R ~--] Drive cycle influences optimal
i 7 VSRR o Mt ot 8 B degree of hybridization and control
- e parameters
— NEDC provides robust design
= ¢ Fuel cell transient response
- | capability critical for neat fuel cell
vehicle

=== ¢ An optimized hybrid design can
= | nullify the effects of fuel cell
transient response

43




Digital Functional Vehicle




Recent DFV Applications

Petroleum Consumption, Technical Hurdles, Transferto Industry




Space
Envelope
Optimization

APFIFRONTMPACT 02500
Tae= 0

Time to Market

Topology Optimization

Crash Simulation



Parametric Solid Modeling Integrated with
FEA and Design of Experiments

- — -

“EAGLE” Supercomp-uter
3600 CPU hours

Highly non-linear structural FEA

__'#;ﬁ_?"-':?, : AN

gR=0.311

Parametric Model
linked to
Design of Experiments




Robust Optimization for

Weight Reduction and 6c Quality

Noise Parameters
Jg O : P |

. ’ '
‘ | Desred \| | Semeling Method [~ Parametric
EEREERREY Sa , Monte Catla (eometry
| 1= - -+ + - — all[
- i jl> LHS, CCD, BB FEM

—

Control Parameters
F"| ) |’JI

?

Parametric FEA Integrated with
Statistical Sampling of Input
Parameter Distributions (material
properties, load distributions,
manufacturing variations) for
Lightweight Designs with 6 ¢ Quality




Enabling Critical Technologies

thermal management of critical components

Direct Hydrogen Fuel Cell Vehicle

Multi-Physics Modeling

conjugate solutions of thermal,
structural, - ol B e

Sfluid-flow,

electromechanical problems




Reducing Vehicle Ancillary Loads




Where Does the Energy Go?

—_ S TR N

Reduce Size

% of Existing
— AC Systems
— Aero. Driveline A
—= o CC. w/AC
= 3.4% (1.7) | 2.8% | | 10%
= ; — = (1.4) (5.6
— Input ]
S 100% Engine
ey
% Braking
_ = - == 2.5% (1.2)
= 21.3 city, 39 highway: 26.7 mpgge Use Waste
—— Heat to =
Power =
Alternative
Conventional Vehicle AC Systems

Energy Use for Composite
FTP & Highway, (MJ)

51
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Systems Approach

Traditional Approach - Equipment Emphasis
VERSUS

REDUCE LOAD

EFFICIENT DELIVERY

EFFICIENT EQUIPMENT

Decreases in load have a larger impact on fuel use due to equipment and delivery losses.
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What Can Be Done?

Reduce Load

« Solar Reflective Glazing
« Body Insulation

« Parked Car Ventilation
 Efficient Delivery

* To the occupant .,
 Efficient Cooling Equipmé'nt

» Closed loop control — cabin feedback

* Engine waste heat

* Optimization




Vehicle Legend

Dimensions .
Inputs Interim
p Results

Model Final
ode Results

Vents, Return,

Exhausters
‘ ‘ i v |
‘ Cabin
A | S Geometry 7 |
n Vehicle

Orientation \
Integrated y
Optical Total Solar Solar Radiation Location,
S S ‘t e S Properties Radiation Model Time of Year
Light Source
Modelin o v

l \ ro a C h Environmental
p p Component / Conditions
Thermal v, T, RH)
Properties \
S A/C Output
(T, v, RH;t

Cabin Thermal/ A/C Component

Air Conditioning

Fluid Model Model Maps
Environmental /
Needed for Codions
(v, T, RH)
. Temp. & Vel. A/C Load on Drive
Diverse o
[[echnolo POV N crmal Comtor — Vehie
on Occupants Model Model Component Maps

and
Supplier
Base

Occupant
Thermal Comfor

Tailpipe
Emissions

Implement Design |4—| YES l— ACCEPTABLE? ﬂ NO H Change Model Inputs




Vehicle Solar Load
Estimator

(VSOLE)




* ADVISOR Linked With Many Other Models to AIIow

Detailed Investigation into Specific Areas

— Other models generate VEHICLE
— boundary conditions FUEL
= for ADVISOR l ECONOMY
R ADVISOR

R T i —— ’

% _TJ - == ;;_ Compressor \

% . TE Transient A/C "\ Power & cabin temp VEHICLE
— sE o onow s System Model EMISSION
% (SINDA/FLUINT) TRENDS

Solar load

Estimator
(VSOLE)

56




# YSOLE 1.0 August 2001- Yehicle Solar Load E stimator
File Edit Tools *Window Help

s = . Source Azimuth Source Zemth
Radiation Source : Time of day: (deg from Noith] [deg from vertical)

| Pick a City * e =l [ol=] EE

Direction of vehicle: E 5 W Yehicle :

| 180 llji:__ii IEEIEI'I Jeep Grand Ehernkee__‘_‘j

=] E3

Location & Date -

Fhoenis, dArizona, July 4

Yiew wehicle fram this position

S T T e T BT =

Glazing Location  Glazing Value Arcalm™2) Angle Tranomitted Reflocted  Absotbed | Ineident
Windshield : PPG_Sgte_us ws [ToE EE 364.9 2866 300.0 951
Ciriver's Window | PPG_Sate us ws. [ oand I 7 466 40.2 40.1 127
Front Fassenger: PPG_Sgte_usz_ ws [Toang | 7 442 39.0 38.3 121
Rawe #2 Left Window PPG_GI20 [T o8 9.9 19.4 89.0 118
Fow #2 Right Windaw : PPG_GI20 T BOE q 2 19.8 g4 2 113
Flow #3 Left Window | PPG_GI20 [ 0237 =L 8.1 143 1.7 g4
Fow #3 Bight Window - PPG_GI20 | 0217 ; &34 F 146 68.1 (3T§)
Fear Window PPG_GI20 ECEE 54 17.8 22 6 150.2 191
CUTIP IR RN Total Waltts: 508 2 456 841 1806
L4 L S S T S S T T i S T LR T T
Ceinieiere Dileelnngs A0 Te |Cnp}fright | Help | Exit




100

go| i Conventional Windshield Absorbed A e
S0 i: * —
: = 0
s ; # + * —
: el - —*—M—*—
— 1 7 :#_ *;
= =0 > -
[
S 40 x .
= F Transmitted |
20 * o2 _|
* #
20 f¥ ¥f |
Sort Reflected
100 —
= =110 sl S0 1000 1 200 12010 &0 1800 2000 2200 220100
Wravelength (nmy)
100 T T . T - — — — . .
Rl Infrared Reflecting Windshield | Reflected | 7
S0 i s o A R0
Fia -B&fﬁﬁ##ﬁt
S eor %,
= so e
'
al -0 - A Shiaan S
2ol f & s Absorbed |
= He A o S C T 7]
M e Transmitted

1 1 —*
S0 S00 1000 1200 1400 1600 1800 ZDDD 2200 2400
avelength {(nm)

2




#  RHeszults for calculated glazing loads with time and vehicle direction

File Edit Tools “Window Help
Start Time: [10 =] oo -]
Stop Time: |15j |Dﬂj
Radiation Path : [Fhaeris-July & R
Radiation Source ;|  Fhoenis-July 6

Glazing Location

YWindshield :

Cirivers

Front Fassenger:

Fow &2 Left:

Current Yehicle: | 2001 Jeep Grand
Starting Bearing: | 40

Stopping Bearing: | 270

400 -

200 L

250

200
150

zle hearing from North

100 1q

12

Fow #2 Right:
Fiow #3 Left:
Fow #3 Right:
FearYwindow :

A00

1450

1400

350

Time of day

Selected Glazing

FPG_Sgte_usz_ws
FPPG_Sirarm

FPG_Sirgra

|

|

|

| PPG_GI20
| PPG_GIZ0
|

|

|

FPPG_GIZ0
FPPG_GIZ0
PPG_GI20

[
[

Flot : | Total Power

Power  |Tiansmitted

Flot type
v 3-0 Surface Contour
" 3-0 Swap == Axis

" 2-0 Colar Contour

MHumber of
Contour Lines |

Calculate

Cancel/Change Parameters




Vehicle A/C Modeling

60




_ COP Maximization vs. Transfer Line
System Perspective Diameter and Condenser Tube Diameter

TWO' P h a S e F I OW | n Dual Variable (Transfer Line Diameter : Condenser Tube Diameter) COP Optimization
Condenser and SC03 Drive Cycle
Evaporator Optimum Desi e — 200wt

Qpass =200 Watts
Initial Cabin Temperature =75C

Strongly Dependent o Sysom Ri34aNess =215 oms
on Multiple

Variables

Single Variable
Optimization
Inaccurate

COPIGOP oy
Q@?S Q20 085 080 VN5 120 188

SINDA/FLUINT Model
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N e
. b .ﬁ._

62

Vehicle CAD and
Thermal/Fluid Modeling







PROSTAR 3.10

TEMPERATURE
(CELSIUS)

75.00

Conventional Glass Solar Windshield All Solar Glass
Reduced A/C Reduced A/C 64




- Cabin with Conventional Glazing

PROSTAR 310

TEMPERATURE
(CELSILIS)

75.00
IIII 7157

G 14
fd 71
6129
57 86
54 43
5100
47157
4414
40,71
3729
3366
3043
2700

TME = 10, [s)
0 1200 ¥ |

E | v
Cabin Interiar Aiflow and Thermal Analysis

Time Variation of Temperatire Distributon
(Case £1 Top View)




A
|ITF “

b

~Cabin with Solar Reflective Glazmg

PROSTAR 3,10

b

(i

TEMPERATURE
(CELSIUS)

75.00

71.57
6R 14
| man
= 6129

5786
5443
g1.aa0
4157
44 14
4.7
Jrz3
33,86
043
2700

TIE = 10 [s)

[ 1200
E ] ﬁhhlffgﬂz

Catin Interior Aidlow and Thermal Analysis
Time Varialon of TEI‘ﬂpEralurE Distribution
(Case £3 Top View)




7%

‘e NREL’s Industry Partnerships

I

= :

1
LI

’.

& E
=3 =
2
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Efficient Delivery:
Heated/Cooled Seats




Engine Waste Power (kW), Max Power 115 kW
Based on 1991 Dodge Caravan 3.0-L (102 kW) ST Engine - transient data

200+

150}

Engine Torque (Nm)

XX

125 175
. \ T

Maximu \ \
. < \
Engine Torque AN \

N

100
\

AN 300
+

1000 1500 2000

2500

3000 3500 4000 4500

Engine Speed (rpm)

Avalilable
Engine
Waste Heat
(23 KW avg
over FTP)




| hﬁh*‘-.ﬁ' o SR - . .
Potential uses for Systems Analysis in

Solar/Renewable Applications

How does our nation’s total=stlargeneration

increase over time? Weé CO'-UId plot solar-
generated power by state.by'day and year.

Where aré the solar cellectors? What'is the
daily variability in thes€e areas?

Which states are leaders in renewable
energy?

How can DOE. give incentives to states to
build more renewable/solar resources?




On Target for a Systems Approach

Opportunities surround you

Use exiWrceS
Industry nerships can play a big role

A ASK the stions
S ERink




